A large taper mismatch is one of the key factors behind high wear rates and failure at the taper junction of total hip replacements: A finite element wear analysis.
Introduction
A total hip replacement (THR) usually consists of a femoral stem, a femoral head, and an acetabular liner which fits inside an acetabular shell. In some cases, such as large head metal-on-metal (MoM) hips, the acetabular component can be a single piece, 'monoblock', acetabular cup. The femoral stem is fitted into the medullary cavity of the femur and, if cementless fixation is considered, is usually made from titanium, Ti-6Al-4V, (Ti). The femoral head is generally made from either a cobalt-chromium, Co-28Cr-6Mo, (CoCr) or a ceramic material. Again considering cementless fixation, the acetabular components consist of a Ti outer shell with a liner of CoCr (MoM THR), ceramic (ceramic-on-ceramic (CoC) THR) or polyethylene (metal-on-polyethylene (MoP) THR).
THR is recognised as one of the most successful orthopaedic surgeries; however, failuresmainly due to wear and, to a lesser extent, due to loosening, fracture or infection -do occur (2016) . Specifically, the MoM material combinations have recently fallen in popularity of use due to a relatively large number of early failures associated with adverse reactions to metal debris (Anissian et al., 1999; Brock et al., 2015) . This unacceptably high failure rate is mainly associated with wear that occurs at the articulating (Brock et al., 2015; Joyce et al., 2009; Lord et al., 2011) and non-articulating (Langton et al., 2012; Matthies et al., 2013) surfaces of these medical implants.
There have also been reports of adverse reactions to metal debris due to metallic wear debris produced from the taper junction for MoP THR (Cooper et al., 2012; Lindgren et al., 2011; Mao et al., 2012) . The taper junction of the THR, which is the focus of this study, is the interface between the internal taper of the modular femoral head and the trunnion of the femoral stem (see Figure 1) where the surgeon impacts the head onto the femoral stem during surgery. While the hip prosthesis is in service, the taper junction interface will be subjected to micromotion (Atwood et al., 2010; Hallab et al., 2004) , which can lead to the release of metal debris due to fretting wear.
Design and manufacturing variations could have an effect on the amount of material lost from the taper junction while the hip prosthesis is in the body. Based on explant studies, these variations, such as surface roughness, have been shown to be significant factors in wear and metal debris release from this junction (Brock et al., 2015; Langton et al., 2012) . Panagiotidou et al. (2013) showed that while the hip prosthesis is in service, the surface roughness of the trunnion increases if mated with a rough taper, which led to greater material release from the taper junction. Brock et al. (2015) also showed high volumetric wear rates for the taper of explanted CoCr heads and hypothesised that a rougher taper surface could increase the wear rates at this taper junction. Jani et al. (1997) showed that taper variations such as taper design and taper surface finish have a significant impact on the fretting behaviour at the THR taper junction. Femoral head offsets are also known to likely have an effect on the generation of wear debris at the taper junction (McGrory et al., 1995) . Langton et al. (2012) have shown varus stems, larger head diameters and head offsets increase the horizontal moment arm acting at the taper junction, which increases the fretting wear rate at this junction. They further showed a wide variation in the manufacturing tolerances of the taper and trunnion angles of one manufacturer's THRs (Langton et al., 2016) . They analysed 93 retrieved head tapers and found that many of the tapers had not been manufactured to specifications. They also analysed the surface roughness of 10 new sterile femoral head taper components (Articuleze), showing a high variation in the Ra value (0.19-1.80 microns), and concluding that higher Rpk values (the average height of the protruding peaks above the roughness) are undesirable as they are linked with increased wear. This finding corresponded with a study by Munir et al. (2015) who also found a great variation in the surface finish of the femoral head taper (0.14-4.20 microns Ra values). They too hypothesised that increased metal debris generation from the taper junction could be associated with this surface roughness variation and also with a taper-trunnion angular mismatch.
These studies therefore highlight that the taper-trunnion mismatch angle could have a significant effect on generation of the metallic debris at the taper junction. There is evidence that taper and trunnion tolerances are around eight-fold larger than those used in the machine tool industries (Bobyn et al., 1993; Jani et al., 1997) . As published by the American Society for Testing and Materials (Marlowe et al., 1997) , there are no specific standards for taper and trunnion tolerances for the orthopaedic industry and mainly manufacturers use their own.
A computational approach that could predict the effect of the design variations over time in service could demonstrate the optimum tolerances to reduce the amount of material lost and potentially increase the longevity of hip implants. In this study, we used a previously validated wear algorithm using a finite element model of a commonly used Ti femoral stem with a 36 mm diameter CoCr femoral head in order to investigate the effect of different tapertrunnion mismatches on the subsequent fretting wear at the taper junction over a period of time in service. A co-ordinate measuring machine (CMM) was also used to analyse the wear pattern and volumetric wear rates at the taper inside the femoral head of 54 retrieved Pinnacle prostheses (DePuy). These were selected as they consist of a 36mm diameter CoCr femoral head and a Ti femoral stem. The aim was to investigate the effect of varying taper mismatches on the volumetric wear rates and wear damage at this junction and determine the optimum tolerances that could minimise wear rates.
Method

Implementation of the wear law
The "Dissipated Energy" wear law uses a single energy wear coefficient (α) with a wide range of stroke (50 µm to 1.3 mm), which provides a greater range of application than Archard's wear law (Fouvry et al., 2003; Liskiewicz and Fouvry, 2005; Magaziner et al., 2008) . This law considers the interfacial shear work and relative motion as predominant parameters to calculate the volumetric wear. Its implementation in finite element analysis has been explained previously (English et al., 2015) . Briefly, according to the "Dissipated Energy" wear law, the cyclic wear depth (W c ) for a single cycle of loading can be presented using Equation 1,
where α is the energy wear coefficient and, τ i and s i are the contact shear stress and the contact slip over a specific time interval i respectively. In order to reduce the number of computational analyses, it has been assumed that the cyclic wear depth will remain constant over a short period of time. This short time period is then defined as a "wear scaling factor" (β) which takes the same cyclic wear depth at each point of contact for a larger number of loading cycles. Then, the total linear wear depth (W d ) over an assigned total number of loading cycles (N) at specific analysis stage (j) and by employing a β value can be obtained using Equation 2.
A study on the effect of β on the calculation of wear undertaken in the previous study has demonstrated that β =10 5 provides converged results (English et al., 2015) . However, in this study, by employing a new model with a more realistic boundary condition and a refined mesh at the contact area, the β value has been converged at 250,000 load cycles, which further reduced the computational wear analysis time.
A fraction of calculated W d for each paired node at each analysis stage is removed from the taper and trunnion. This fraction, namely the "wear fraction", is dependent on the material interaction properties in contact. The wear fractions for a CoCr alloy head and Ti alloy stem combination have been specified as 0.9 and 0.1 respectively. This is due to preferential oxidation of the Ti alloy over the CoCr, which increases the hardness of the Ti and wears the un-oxidised CoCr, as has been published previously (Bishop et al., 2013; Bone et al., 2015; Langton et al., 2011a; Moharrami et al., 2013) .
The energy wear coefficient for the CoCr alloy on the Ti alloy (α=1.31×10 -8 MPa -1 ) used in this study was obtained by Zhang et al. (2013) from a fretting wear test. As explained in (English et al., 2015) , the Dissipated Energy wear law was applied to a wear algorithm as a custom user plug-in linked with ABAQUS (6.14-3 ABAQUS Inc) software. For this study, the algorithm has been further developed, generalised and optimised in order to reduce the computational cost. In this study, this validated algorithm was used to calculate the wear depth and obtain the volume of material loss, volumetric wear rate and the wear pattern damage at the taper junction with different taper mismatches.
Finite element wear analysis
A commonly used commercial Ti alloy femoral stem and a 36 mm diameter CoCr femoral head were modelled in ABAQUS (see Figure 2c ). The models are identical in terms of materials and design apart from the cone angles, from a large tip-and base-locked junction to a perfectly matched interface (see Table 1 ). There is a wide variation in the manufacturing tolerances of the taper and trunnion angles of THRs. Langton et al. (2016) showed taper angles ranged from 5°32´ to 5°42´ for 93 "Articuleze" (DePuy) femoral heads. Brock et al. (2015) showed a range of 5°56´ to 6°9´ for S-ROM (DePuy) trunnion angles and 5°33´ to 5°47´ for Corail (DePuy) trunnion angles. Varying taper angles of 5°34´ to 5°48´ and 5°35´ to 5°41´ were also measured from 63 Articular Surface Replacement (ASR, DePuy) and 48 Articuleze femoral heads respectively (Langton et al., 2012) . Therefore, a possible variation of around 10´ taper mismatch, associated with the taper and trunnion cone angels, could transpire when the components are coupled. As such, a series of tip-and base-locked models along with a perfectly matched interface were modelled as illustrated in Table 1 to investigate the effect of possible mismatches on the wear rates at the taper junction.
The models were then meshed using eight-node bilinear hexahedral reduced integration elements (C3D8R). The elements at the contact interface were matched and refined with a total of 9600 paired elements at the contact interface. This was followed by a mesh convergence study (the procedure was previously explained in (English et al., 2015) ), which showed an element size of approximately 0.18 mm provided a converged solution so that an accurate and smooth evolution of wear was obtained. Table 1 and Figure 2 show a schematic representation of the models, loads and boundary conditions. The computer model is able to consider the initial impaction to simulate the assembly of the head onto the stem intra-operatively as well as its weakening as the wear analysis progresses.
A previous study has shown that an increase in assembly force results in a reduction in fretting wear (English et al., 2016) . It was recommended that a 4 kN initial assembly force is required to minimise the wear rates. As such, in this study an initial impaction force of 4 kN was considered for all the models (shown in Figure 2a and c). This impaction analysis, known as "phase 1" of the wear methodology (see (English et al., 2015) ) was executed as a dynamic implicit analysis at commencement of the wear analysis.
We have modified and improved the loading and boundary conditions prescribed for the FE models from the earlier study (English et al., 2015) in order to avoid creating non-physiologic resisting moments at the centre of the femoral head. In this study, the loads (superior-inferior, anterior-posterior and medial-lateral (Bergmann et al., 2001) ) are applied to a reference point located at the centre of the femoral head being coupled to a surface area on the top of the head (see Figure 2b and d). This area was found from the area of wear damage at the bearing surface on the majority of the retrieved femoral heads (see Figure 2 e and f). As such, the load is transferred from this area to the taper junction as shown in Figure 2d . When measured, this worn area was found to be around 35° away from the central axis of the head while the head and stem are assembled at 45° from the vertical axis (see Figure 2d ). The rotations (flexions-extension, internal-external and adduction-abduction (Bergmann et al., 2001) ) are applied to another reference point, again located at the centre of the head and coupled to the stem, which constrains the model so that it can only rotate about the centre of the head and virtually locates the head in the acetabular cup (see Figure 2b and d). These loading and boundary conditions create an efficient and realistic model by excluding the requirement to model the acetabular cup and femur bone. The loading and boundary conditions associated with a walking step (gait) are then applied to an FE dynamic implicit analysis and the step time is discretised into 10 equal time intervals over a 1.2 s period (Bergmann et al., 2001) .
The material properties of the CoCr alloy and Ti alloy were assigned on the femoral head and femoral stem respectively shown in Table 2 . The contact interaction was modelled as finite sliding using surface to surface contact discretization method and the penalty contact formulation in ABAQUS solver with an isotropic coefficient of friction of 0.21, based on the work by Fessler and Fricker (1989) (see Table 2 ).
An average of 1 million walking cycles per year has been assumed in this study; as such, the volumetric wear rates demonstrated are over 1 million walking steps (Schmalzried et al., 1998) . The volumetric wear rates and total volume loss have been determined based on the reduction of element volume ("EVOL" field output from ABAQUS) for all the elements at the taper junction contact zone using a separate custom Python script linked as a user plug-in within ABAQUS.
As discussed, the wear algorithm has been optimised in this study, which runs faster than in the previous studies (English et al., 2015 (English et al., , 2016 . The time taken for each wear analysis over 10 million walking cycles is now less than 440 hours, executed on a 64-bit Windows 7
Enterprise OS with a 12-core Intel Xeon CPU platform at 2.6 GHz and 128 GB of random access memory.
The contact surface can be divided into two main areas from the centre of rotation, above and below the centre of rotation, namely upper and lower "contact surface offset" respectively (see Figure 3 ). This division is important, as the majority of the upper contact surface offset is under the loading area and has a shorter moment arm than the lower contact surface offset.
The moment arm is calculated as the perpendicular distance from the resultant loads distributed on the bearing surface of the femoral head to each point of the contact surface. Figure 3 shows the maximum moment arm (considering an equivalent concentrated resultant force) and the moments that occur at both upper and lower contact surface offset. In this study, all the models have approximately 4 and 6 mm upper and lower contact surface offset respectively, based on the commonly used femoral stem mated with femoral head (see Figure   3 ).
The interfacial shear work (product of the contact shear force and relative motion) is the key parameter for the generation of the wear. The variation of this parameter during wear analysis has already been presented in the previous studies (English et al., 2015 (English et al., , 2016 . As such, the wear evolution is just presented here for clarity.
Wear measurement of retrieved hip prostheses
A co-ordinate measuring machine (CMM; Legex 322, Mitutoyo, 0.8µm accuracy) with a 0.5 mm diameter probe was used to measure the wear depth, volumetric wear loss and wear pattern of the tapers within 54 retrieved 36mm diameter "Articuleze" femoral heads.
Identification of the original surface is vital in order to accurately determine the wear patterns. In the vast majority of female tapers an original section remains as male tapers (trunnions) do not routinely engage with the full length of the female surface. A customised programme was written using Mitutoyo 'MCOSMOS' software to measure the taper surfaces.
This customised programme works in three main stages. The first stage identifies the initial coordinate system. The second stage generates a perfect theoretical cone representing the original perfect unworn surface. The third stage measures the entire surface and compares the data points with the perfect cone to determine any deviations, which represent wear depths, which are summed to calculate volumetric wear. The technique and validation process has been published previously (Bone et al., 2015; Langton et al., 2011b; Langton et al., 2014; Lord et al., 2011) .
Briefly, after the co-ordinate data was measured by the CMM, the individual data points were read into a Matlab program (The Mathworks, Inc.). First, the relevant data was extracted and split into matrices representing the Cartesian co-ordinates. These three matrices were used to create a three dimensional representation of the sample. In order to calculate linear wear depths, the distance from each measured point to the centreline of an ideal cone was calculated using the "Pythagoras' Theorem". This original cone was positioned at the time of scanning and all measurements were taken relative to it. The expected distance from the centreline of the cone to each point if the cone were unworn was also calculated. The difference between expected distance and measured distance gave linear wear depths. Once linear wear depths were known, the volumetric wear loss was calculated by multiplying the area of each gridsquare (with a maximum size of 1.57 mm) by the mean depths of the four measured points at its corners, as per the method described previously (Langton et al., 2014) .
Results
The wear evolutions and wear rates for the large taper mismatches are presented up to the load cycle where the taper connection became loose, which was associated with a "large- 
Contact pressure distribution over initial impaction analysis
The contact pressure distribution at the completion of phase 1 of the wear analysis (Dynamic Impaction analysis) is identical to the contact pressure distribution at commencement of step 2 in phase 2 (see (English et al., 2015) ). Figure 4 details the contact pressure distributions along the trunnion surfaces at the last time interval of step 1 in phase 2 of the wear analysis and also the initial area of the taper junction, which is different for different taper mismatches.
Due to the abrupt change in the contact conditions where the end of the trunnion engaged with the taper, the maximum contact pressure values are localised at the proximal edge of the contacting surfaces for the tip-locked models (approximately 350 MPa). Reducing the taper mismatch reduces this high contact pressure at the proximal edge and increases the contact area. The perfectly matched model (see Figure 4 ) shows a fairly constant pressure distributed throughout the contacting surfaces, and the contact pressure at the proximal and distal edges is lower than for both the base-and tip-locked models. Again, higher contact pressure values are also distributed at the distal edge of the surface for the base-locked models, which is around 1.7 times lower than for the tip-locked. This shows that reducing the taper mismatches from both tip and base towards the perfectly matched contact surface results in not only a more uniformly distributed contact stress but also an increase in the contacting area. This greater contact area results in better fixation conditions associated with the initial impaction assembly. Figure 5 shows the evolution of the wear pattern at the femoral head taper surface comparing the perfectly matched interface with tip-and base-locked models illustrated in Table 1 . As the wear analysis progresses for all cases the wear depth, as might be expected, increases. The variation of volumetric wear rates for different taper mismatches is shown in Figure 6 . The volumetric wear rate is increasing as the wear analysis progresses for the extreme taper mismatch models; however, this increase is not linear, as shown in Figure 6 . For example, for the 7.8´ base-locked taper mismatch the approximate overall average wear rate over 4 million load cycles is around 0.093 mm 3 per million cycles, increasing to 0.146, 0.330 and 1.009 mm 3 per million load cycles at 5 th , 6 th and 7 th load cycles respectively.
Wear damage evolution and volumetric wear rate
Base locked
Figure 5e, f and g detail the evolution of wear damage over a period associated with 5, 7 and 10 million load cycles for base-locked taper mismatches. It can be seen that significant wear damage occurs at the bottom distal edge of the taper for all cases and this damage is reduced by reducing the taper mismatch to 6´ . The wear damage evolves to similar patterns for all base-locked taper mismatches with maximum wear depth determined for 9.12´ and 7.8´ taper mismatches at 5 and 7 million cycles with a value around 12 µm, while this maximum wear depth for 6´ taper mismatch is around 5.9 µm.
Dramatic increases in wear rate can be seen for the model with 9.12´ base-locked taper mismatch at 5 th million load cycle with a value around 2.960 mm 3 per million load cycles, after which large-scale rotation of the femoral stem into the femoral head occurred (see Figure 6 ). This large-scale rotation occurred after 7 million load cycles for the model with 7.8´ base-locked taper mismatch with a lower wear rate of 1.009 mm 3 per million load cycle.
Reducing the taper mismatch to 6´ reduces the volumetric wear rate and maintains better fixation between the components by increasing the contact area, so that large-scale rotation did not occur over 10 million load cycles. For the 6´ base-locked taper mismatch, the volumetric wear rate stayed at its lower scale of 0.069 mm 3 per million load cycles over 10 million cycles on average.
The moment arm (see Figure 3 ) causes the wear damage distribution to grow faster towards the tip for base-locked models. As explained, this moment arm is larger for the base-locked models compared to the tip-locked models. This moment dramatically increased the relative micromotion at the taper junction as the solution progressed, which had a significant effect on the magnitude of the wear rates. Figure 5a , b and c detail the wear damage distribution for tip-locked models as the wear analysis progresses. It can be seen that the wear pattern is more circumferentially distributed for all cases in this category and is not growing towards the base as fast as the base-locked cases. This is mainly due to the shorter moment arm that occurs at the contact interface. Figure 5a shows a fairly uniform wear damage distributed for the 10.8´ tip-locked taper mismatch with a maximum wear depth value of 7.8 µm at the proximal edge. Although the wear depth is lower than in the corresponding base-locked model, the very short contact interface causes the model to lose fixation at 7 th million load cycle due to the large-scale rotation. For the 7.8´ tip-locked taper mismatch, the overall average wear depth is around 5.6 µm after 9 million load cycles (see Figure 5b) . Similarly, as shown in Figure 5c , the overall wear depth was determined for the 6´ tip-locked taper mismatch at 10 million cycles with an average value around 3.5 µm, while the large-scale rotation had not yet occurred.
Tip locked
The volumetric wear rates determined for the tip-locked cases were relatively low compared to the base-locked models (see Figure 6 ). The maximum volumetric wear rate is 0.218 and 0.101 mm 3 per million load cycles at 7 th and 9 th million load cycles for the 10.8´ and 7.8´ taper mismatches respectively. The average volumetric wear rate for the 6´ tip-locked model over 10 million load cycles is around 0.0569 mm 3 per million load cycles.
Contrary to the base-locked models, in the tip-locked models the wear damage remains at the area close to the proximal edge of the contact. Furthermore, due to the shorter moment arm than in the base-locked cases, the relative micromotion does not increase significantly. As such, the dramatic increases that happened for the base-locked cases are much less for tiplocked cases. However, as the majority of the area experiences more destructive damage under a shorter contact area, large-scale rotation occurred at 7 th and 9 th million load cycles for 10.8´ and 7.8´ taper mismatches respectively, and are expected to occur for the model with 6´ taper mismatch at a point above 10 million load cycles.
Matched interfaces
As explained, reducing the taper mismatch reduces the wear damage and volumetric wear rate. For matched interfaces, the wear pattern is distributed more uniformly at the taper surfaces. The maximum wear depth occurs at the distal edge of the contact with a value of 6.2 µm (see Figure 5d ) and the volumetric wear rate is an average of 0.077 mm 3 per million load cycles over 10 million loading cycles. It can be seen in Figure 6 that the initial wear rates for the perfectly matched model are slightly higher than both the tip-and base-locked mismatches. Although the initial wear rate is higher for the zero taper mismatch because it has more area in contact and subsequently a larger interface, the fixation is better maintained and the stability of the taper junction is higher. This is due to the reduction in the value of the relative micromotion at the taper junction. Figure 7 shows the total volume loss after completion of the analyses comparing the perfectly matched analysis with base-and tip-locked taper mismatches. It should be noted that the total volume losses presented for different taper mismatches are over different load cycles. For example, over the period of 5 million loading cycles the total material loss for the 9.12´ base-locked taper mismatch is 4.794 mm 3 . As the taper mismatch reduces, this total material loss is 1.858 and 0.693 mm 3 over 7 and 10 million loading cycles for the 7.8´ and 6´ cases respectively. Considering the perfectly matched model over the 10 million loading cycles, it can be seen that the total volumetric loss is slightly higher than the model with 6´ taper mismatch with a value of 0.766 mm 3 . Figure 7 shows relatively lower total material loss over time for the tip-locked cases, while this value was obtained over a shorter area of contact with the destructive wear damage shown in Figure 5 .
Total volume loss
CMM wear measurement of retrieved femoral tapers
The finite element wear analyses presented in this study, both wear pattern damage and volumetric wear rates, were seen to be in good agreement with CMM measurement of the wear damage occurring on retrieved prostheses. A total of 54 Articuleze femoral heads were available for inspection, all were 36mm in diameter and all had been coupled with Ti Corail femoral stems (see Table 3 ). The majority of the components were revised due to adverse reactions to metal debris. It was not possible to measure the trunnion angle of the femoral stems as most of the femoral stems were left in vivo. As such, the trunnion angle was based on the work by Brock et al. (2015) which reported a range of 5°33´ to 5°47´ for 72 Corail trunnions. Therefore, a possible taper mismatch variation of 9´ tip-locked to 10.8´ baselocked was calculated. However, the average possible taper mismatch of the 54 Articuleze samples and their variation would suggest that most of the couplings would have a taper mismatch of around 1.87´ to a large base-locked (9.07´ ) with a very low probabilty of a tiplocked coupling. As such, we were unable to identify any large tip-locked examples, however, from taper and trunnion measurements it is possible that a large tip locked taper mismatch might occur. Table 3 details the average linear and volumetric wear rates along with their variations of all 54 Articuleze samples. Although the time in vivo of the retrievals were available, it was not possible to know the actual individual load history and the variation of wear rates over time.
As such the wear rates presented in Table 3 were based on the total material loss per year in vivo. It can be seen that the total material loss over a range of possible taper mismatches is in a wide range of 0.102 to 15.730 mm 3 , however, the average material loss is 2.881 mm 3 . The volumetric wear rate starts from 0.020 up to 2.241 mm 3 /yr with an average value of 0.550 mm 3 /yr. The maximum linear wear depth ranges from 0.100 to 62.030 µm, with an average value of 18.813 µm. Table 4 compares the average volumetric wear rate and its range which is based on different taper mismatches obtained from FE wear analyses and CMM measurments over time. It can be seen in Table 4 that the range of volumetric wear rates obtained from FE wear analyses are closely comparable to the values obtained from CMM measurment of the retrivals. The slight difference in computational prediction with the CMM measurements specifically at 3 rd and 4 th million load cycles is likley due to the individual variation in loading conditions and activity levels related to the explants. For example, a 45-fold difference between the least and most active patients fitted with hip or knee implants has been reported previously (Schmalzried et al., 1998) .
The majority of retrieved femoral heads were found to have patterns of wear damage remarkably similar in appearance to those from the FE analyses. This correlation not only helps to validate the FE model but to also validate the assumptions behind it, for example that walking is of value as a fundamental condition to consider. Figure 8 shows wear maps of three retrieved Articuleze heads which had been used with Corail stems. In Figure 8 the wear damage has been categorised as severe (greater than 10 µm), moderate (around 5 µm) and minor (less than 1 µm) in order to allow comparison with the different stages of the FE wear analysis. Figure 8a shows an Articuleze femoral head with 5°39´ taper angle which was in service for 4 years and probably mated with a stem of around 5°40´ trunnion angle to produce a resulting taper mismatch of around 1´ . The wear pattern of FE wear analysis with zero taper mismatch ( Figure 5) shows a similar wear pattern to this explant. Moreover, the CMM measurement showed a volumetric wear rate of 0.05 mm 3 /yr which is compairable with FE wear simulation at 4 th million load cycle of 0.06 mm 3 /yr. Figure 8b shows femoral heads with 5°36´ and 5°38´ taper angles which were in service for 7 and 4.25 years respectively. Based on the wear patterns illustrated, these samples could have been mated with a trunnion angle of around 5°45´ resulting in a taper mismatch of around 9´ and 7´ , both base-locked. The CMM gave a volumetric wear rate of 1.40 and 1.12 mm 3 /yr. These are comparable with the FE wear models with 7.8´ and 9.12´ at 7 th and 4 th million load cycles with volumetric wear rates of 1.15 and 1.25 mm 3 /yr and with similar wear patterns ( Figure 5 ).
The wear patterns and wear rates determined in our study are similar to those obtained by Nassif et al. (2014) 
Discussion
It is known that design variables such as head diameter, head offset, material combination and taper angles have a significant effect on taper debris generation in THRs (Bone et al., 2015; Jani et al., 1997; Langton et al., 2012; Schmidt et al., 1997) . There is inevitable variability in the manufacturing tolerances for the taper and trunnion cone angles of these THRs. There are also no internationally agreed standards for the manufacturing tolerances or surface finishes of such tapers and trunnions. From failures of contemporary THRs, it has been shown that the area of concern is the taper junction of the prostheses (Bishop et al., 2013; Langton et al., 2012; Munir et al., 2015; Shareef and Levine, 1996) . The finite element model and results presented here show excellent agreement with retrievals of the same materials and similar dimensions. Therefore the model has been shown to be valid. One important point to note, is that the model is based purely on fretting wear. It does not include corrosion. Yet the model produces outputs which match clinical retrievals in terms of wear rates and positions of material loss. Therefore corrosion may not be the key cause of material loss at the taper trunnion junction, as has been claimed (Nassif et al., 2014; Osman et al., 2016) . However, we accept that once metallic wear debris is produced, the effect will likely be that this relatively small debris may be subject to corrosive processes.
From this computational study, we identified that in order to minimise the wear debris generation at the taper junction of THRs, the cone angle of the taper and trunnion should be manufactured with a maximum taper mismatch of 6´ . Shorter lower contact offset (shorter contact area below the centre of rotation at taper junction, see Figure 3 ) would also improve the design and reduce the relative micromotion with a subsequent reduction in volumetric wear rate. It should be noted that, although the wear rates are lower for tip-locked taper mismatches (see Figure 6 and Table 3 ), this result needs to be treated with caution as there are lower contact surface offsets for this category as shown in Figure 3 . Further study is required to investigate the effect of the contact surface offsets.
A limitation to this study is related to the patients' activity. Although the duration of the explants in service were available, it was impossible to prove the actual load history undertaken based on the patients' activity. This could be one of the reasons for the slight differences in computational prediction with the CMM measurements. Another limitation to this study is related to the effect of the surface roughness on the wear rate. We acknowledge that the (grooved) trunnion stem could have effect on the wear rate at the taper-trunnion junction; however, this factor is separate to the effect of the taper mismatch and a large taper mismatch will still be a key factor for a high wear rate at the taper junction. Further investigation is required to consider the effect of the surface roughness on the wear rates at the taper junction of THRs and will form the basis of a future study. Finally, the wear fraction used in this study is based on the theory of titanium hardening in vivo, which happens where the wear depth reaches to around 0.15 µm (Moharrami et al., 2013) . Although this wear depth occurs at an early stage of the wear analysis, further investigation is required to consider varying the wear fraction during the wear analysis.
Conclusion
In order to improve the design of hip implants and increase their longevity, it is important to investigate the effects of different design variations. The custom wear algorithm developed and described in this paper was used to investigate the effects of different taper-trunnion angle mismatches on the evolution of the wear rates and wear damage. A series of computational simulations using this wear algorithm were undertaken to determine the optimum taper and trunnion cone angle tolerances to reduce the wear rate at this interface.
From this FE wear analysis it is seen that, if a large taper mismatch associated with engineering tolerances transpires, the wear rates would initially be lower due to the shorter surface area in contact. However, due to the rapid weakening of the fixation between the components and subsequent increase in relative micromotion, a high wear rate and damage would occur at this junction. Although with zero taper mismatch the wear rate is initially slightly higher due to the larger contact area and subsequent larger interface, the wear pattern is more uniform and the effect of initial fixation will remain longer at the junction, which serves to reduce wear over time. The contact surface offset (see Figure 3 ) has a significant effect on the wear damage and also on the volumetric wear loss. It has been shown that upper contact offset has a shorter moment arm, which reduces the relative micromotion and leads to a reduction in volumetric wear rate.
The FE model was validated against measurements from a series of 54 explants and an excellent match in terms of wear depths, wear volumes and wear patterns was obtained. This computational analysis was able to model fretting wear over time and could provide a benchmark to help the orthopaedic industry to improve the design of modular hip implants, for the concomitant benefit of patients. Fimpaction Impaction load
Fimpaction
The area that body loads transfer from the head to the taper junction, the loads are applied at the centre of the head coupled to this area 
Highlights
x An FE wear model was used to analyse the extent of wear damage in hip implants
x Experimental measurement at taper junction of 54 retrievals validated the FE analyses
x The effect of different taper-trunnion mismatches on fretting wear is demonstrated
x A large taper mismatch results in a high wear rate with negative clinical outcomes
x A slight reduction in mismatch to 6´ or less significantly reduced the wear rate 
